Abstract: Purpose/Background: Interventions for attention-deficit/hyperactivity disorder (ADHD) may be inadequate for some patients. There is evidence that supplementation with L-methylfolate augments antidepressant agent effects and thus might also augment ADHD treatment effects by a common catecholaminergic mechanism.
A ttention-deficit/hyperactivity disorder (ADHD) is a neurobiological disorder associated with high levels of impairment in adulthood [1] [2] [3] [4] and is estimated to affect up to 5% of adults worldwide. [5] [6] [7] Adults who are considered responders to medication clinically often show a 50% or less reduction in the core symptoms of ADHD. 8 In addition to residual ADHD symptom burden, pharmacologically treated patients may also have residual executive function deficit (EFD) burden. 9 Conventional therapies for ADHD are thought to work in part through reuptake blockade and/or increased release of the catecholamines dopamine and norepinephrine. 10, 11 Folate is a building block in the synthesis of the monoamine neurotransmitters serotonin, dopamine, and norepinephrine. Folate levels influence the rate of synthesis of tetrahydrobiopterin, which is a cofactor in the hydroxylation of phenylalanine and tryptophan-rate-limiting steps in the formation of the catecholamines dopamine, serotonin, and norepinephrine. 12, 13 Therefore, it is possible that elevating folate levels in the brain could support higher levels of these neurotransmitters. L-Methylfolate is thought to be actively transported across the blood-brain barrier and may bind to presynaptic glutamate receptors, which could modulate release of catecholamines or other neurotransmitters.
14 L-Methylfolate is approved as Deplin for suboptimal folate levels in depressed individuals or hyperhomocysteinemia in schizophrenia (Deplin [package insert]. Covington, LA: PamLab, LLC; 2011). L-Methylfolate as Deplin is not approved for the treatment of ADHD.
The hypothesis that L-methylfolate supplementation can improve mental health through effect on catecholamines is supported by evidence that L-methylfolate may aid depression symptoms, both in combination with antidepressant treatment 15 and as monotherapy. 16 Improvement in depressive symptoms has been observed in individuals with both normal and low folate levels. 15, [17] [18] [19] Furthermore, L-methylfolate may be particularly effective in the presence of body mass index (BMI) greater than 30 kg/m 2 . 20 To evaluate the effect of L-methylfolate on attention and executive function, we conducted a randomized, double-blind, placebocontrolled pilot clinical trial of L-methylfolate augmentation of osmotic-release oral system methylphenidate. We hypothesized that methylfolate exposure would be well tolerated and associated with a greater improvement and faster rate of improvement in ADHD symptoms. Secondarily, we hypothesized this could result in a lower dose of methylphenidate treatment for subjects on L-methylfolate than those on placebo, at the end of study participation. We further hypothesized that L-methylfolate would be associated with larger improvements in executive function. We also hypothesized that BMI, presence of genotypes associated with folate metabolism and catecholamine activity, and presence of antibodies to the folate receptor would differentially predict response on these outcome variables. Because psychopharmacology currently in use can produce robust improvement in ADHD with titration over several weeks, but timeline of methylfolate effects is not known, we planned primary endpoint evaluations at weeks 6 and 12. Finally, we planned assays to identify low folate, B 12 levels, high homocysteine, genotype, and folate receptor autoantibody as possible biomarkers that might be used to predict response to L-methylfolate.
METHODS
We recruited subjects from the pool of existing subjects and new subjects contacting the Pediatric Psychopharmacology and Adult ADHD Program at the Massachusetts General Hospital. All study participants were assessed by board-certified or boardeligible psychiatrists to confirm presence of medical conditions or treatments, mental health conditions, current treatments, and a diagnosis of ADHD meeting criteria according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (Washington, DC: American Psychiatric Association, 2000). Childhood-onset criteria were operationalized, according to established research criteria and consistent with criteria from the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition definition of ADHD, by requiring onset of at least 2 symptoms of either inattentive or of impulsive/hyperactive traits by the age of 12 years. A score of 24 or more on the Adult ADHD Investigator Symptom Report Scale (AISRS) was also required.
We excluded individuals who had a history of intolerance to L-methylfolate supplementation, those who were currently using MAO inhibitors, those who used supplemental folic acid greater than 400 μg/d, those who used L-methylfolate or omega-3 fatty acids greater than 800 mg/d within 2 weeks prior to study start, those who had multiple adverse drug reactions, those on any other concomitant medication considered to be effective for management of ADHD (however, individuals on stable treatment with other agents with central nervous system activity were allowed to participate), those with serious unstable medical illness, and those with clinically unstable psychiatric conditions or lifetime history of conditions exacerbated by a stimulant. We also excluded subjects with significant impairment due to tics or diagnosis of Tourette syndrome or current (within 3 months) Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition criteria for abuse or dependence with any psychoactive substance other than nicotine. We excluded individuals who were related to the investigator or were pregnant or nursing females. Subjects did not need to be methylphenidate naive, and subjects could be removed from an agent for 5 half-lives prior to study participation. However, no individual was removed from an effective and stable treatment regimen.
Participants treated with any psychotropic medication not thought to help ADHD, such as selective serotonin reuptake inhibitors, could participate as long as they had been on a stable dose for at least 2 months prior to study enrollment, would stay on this dose during the study, and have scores of less than 17 on the Hamilton Anxiety (HAM-A) scale and less than 13 on the Hamilton Depression (HAM-D) scale. Any agents with probable efficacy for the treatment of ADHD were not allowed in this study.
The Partners Human Research Committee Institutional Review Board granted approval for this study.
Study Measures
Demographic information was collected. Vital signs (blood pressure, pulse, weight) were measured at every visit. Height, waist circumference, and BMI were measured at baseline and at the end of the study. An electrocardiogram was conducted at the beginning and the end of the study to monitor cardiac safety. A urine drug screen was performed at evaluation, week 6, and week 12.
Subjects were evaluated at weeks 1, 2, 3, 4, 5, 6, 9, and 12. These evaluations occurred in our research clinic by a study physician, except where in-person visits were not feasible, at which time a phone visit was conducted covering all assessments other than vital signs. However, the initial evaluation visit, baseline visit, midpoint visit (week 6), and the final study visit were not conducted over the phone. Additionally, phone visits did not replace scheduled office visits for more than 2 consecutive visits. At each office visit, overall severity and change in severity of ADHD were assessed with the Clinical Global Impression (CGI) scale. 21 The CGI scale and AISRS were completed at every office visit during study participation. The Global Assessment of Functioning (GAF) scale was rated according to guidelines in Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition at baseline, week 6, and at end of study. Adverse events were elicited by spontaneous reports through open-ended questions at each visit. We utilized an a priori definition of clinical improvement, CGIImprovement of 2 or greater (much improved), and 30% reduction on the AISRS. Clinicians completed the HAM-D and HAM-A scales to evaluate depression/anxiety symptoms at baseline, week 6, and week 12 visits. 22 Height, weight, and waist circumference were measured before first study agent exposure. Blood samples were also collected from participants before first study agent exposure for biomarker analyses. Participants were given the option of providing an additional blood sample for analysis of genetic polymorphisms.
Subtests from the Cambridge Neuropsychological Test Automated Battery (CANTAB) neuropsychological assessments occurred at baseline and at study endpoint. 23 Subjects also completed: the Adult ADHD Self-report Scale at weeks 1 to 6, 9, and 12; the Behavior Rating Inventory of Executive Function-Adult Form (BRIEF-A) at baseline, week 6, and week 12.
24
Subjects also completed the following forms at baseline, week 6, and week 12/dropout: the Adult Self-report (ASR) Form, 25 the Social Adjustment Self-report Questionnaire, the Quality of Life Enjoyment & Satisfaction Questionnaire, an 8-item emotional dysregulation scale generated from the Barkley Current Behavior Scale-Self-report (CBS DESR), 26 and the Endicott Work Productivity Scale.
OROS Methylphenidate and L-Methylfolate Administration
At the baseline visit, subjects received a prescription for OROS-MPH and were randomized to receive either L-methylfolate or placebo (under double-blind conditions), dispensed from our research unit. Subjects were instructed to self-administer OROS-MPH and L-methylfolate or placebo concurrently. OROS-MPH was prescribed starting with an initial dose of 36 mg/d (n = 41). OROS-MPH was titrated to optimal response by 18 to 36 mg/wk (not exceeding a maximum daily dose of 1.3 mg/kg or 108 mg/d, whichever was lower), according to clinician judgment, during the first 6 weeks of the trial. Dose could be changed at any time based on clinician judgment.
L-Methylfolate dosing remained at 15 mg/d of L-methylfolate for the duration of the study in the form of PAMLAB brand of L-methylfolate or identically encapsulated placebo.
All subjects gave their informed consent before study procedures occurred and after possible adverse effects were fully explained.
Participation Flow
In total, 47 subjects signed consent and were enrolled in the trial. Of these, 44 were randomized to L-methylfolate or placebo; however, 41 were actually exposed. Of these 41 subjects left, 40 made it through week 6, with this 1 individual being dropped from the study because of not adhering to study protocol. A further 4 subjects did not complete the study, because of the subjects' desire to leave the study, due to time burden and/or mild adverse effects. Thirty-six subjects completed all study procedures. Thirty-nine subjects provided serum samples adequate for evaluation of presence of folate receptor antibodies. Thirty-five subjects consented and provided samples for genotyping ( Fig. 1 ).
All enrolled subjects had a blood draw performed before study agent exposure and were also given the choice of providing a genetic sample. Some samples were inadvertently thawed from −20°C to 0°C, for up to 19 hours. Comparing thawed and unthawed samples, variation in folate receptor antibody assay results was within a range expected for duplicate samples. Tests performed on thawed and unthawed paired aliquots of split samples showed that there were no significant differences in these values due to thawing and storage at 0°C.
Single-nucleotide polymorphisms (SNPs) with possible association to folate metabolism and catecholamine activity were identified in online databases (www.snpedia.com and www.ncbi. nlm.nih.gov/projects/SNP/) for assay (Table 1) . Major and minor allele designations were determined through the representation on the dbSNP database or with literature searches where the information was not available (dbSNP reference). Single-nucleotide polymorphism genotyping was performed at the Massachusetts General Hospital Psychiatric Neurogenetics Unit under the supervision of Dr Jordan Smoller using the iPLEX Gold application and MassARRAY system.
Biomarker Assays
Folate receptor autoantibody (FOLR1) and ligand interactions were evaluated at the University of Texas, Austin, under the supervision of Dr Robert Cabrera. The assay procedure used was previously described 27 with chemiluminescent modification. 28 Other biomarkers were evaluated at Brigham and Women's Hospital, Boston, Mass, under the supervision of Dr Raina Fichorova.
Statistical Analysis
Demographic characteristics and baseline efficacy measures were analyzed using Student t tests for continuous outcomes, Pearson χ 2 tests for binary outcomes, and Wilcoxon rank-sum tests for ordinal outcomes. We analyzed binary outcomes with Fisher exact tests in the event of cells with expected counts of less than 5. Our primary outcome measure, the AISRS, was analyzed using a mixed-effects Poisson regression model with the drug group, time, and group-by-time interaction as predictors. Secondary outcome measures were analyzed using mixed-effects Poisson, linear, or ordered logistic regression models. Additional analyses for secondary outcomes included stratifying the subjects by whether they had abnormal or normal scores (defined by clinical cutoffs for each outcome) at baseline and comparing the rate of normalization at study endpoint using either Pearson χ 2 or Fisher exact test. We also analyzed the secondary measures in only those with abnormal scores at baseline using mixed-effects regression models. We did not analyze subscales if the placebo or L-methylfolate groups had a sample size of fewer than 5 subjects with abnormal scores. The time course of adverse events was analyzed using a mixed-effects Poisson regression model, and the total number of adverse events during the entire study was analyzed using a Poisson regression model. Vitals were analyzed using mixedeffects linear regression models. Compliance was analyzed using Student t tests. Dosing at weeks 6 and 12 was analyzed using Student t tests, and dosing over the course of the trial was analyzed using mixed-effects linear regression. To assess the effect of genetic polymorphisms, we added the 3-way interaction between drug group, time, and biomarker to our mixed-effects regression models. All mixed-effects regression models used robust standard errors to account for the repeated measures on each subject. In models where multicollinearity was a problem, we centered all predictor variables and reran the analysis. All tests were 2-tailed and performed at the 0.05 α level using Stata (version 14; StataCorp LLC, College Station, TX).
RESULTS
Subjects on L-methylfolate and subjects on placebo did not significantly differ in demographic characteristics or baseline measures of efficacy (all P > 0.05) ( Table 2 ). Interactions between drug group, week, and gene are listed. *Allele patterns reflect instances available in the study sample. We did not find a significant group-by-time interaction effect for the AISRS (χ 2 = 0.14, P = 0.71). Subjects who received L-methylfolate did not show a significantly greater reduction in ADHD symptoms relative to those who received placebo (Fig. 2) .
At the study endpoint, we did not find a statistically significant difference in the rate of subjects who had clinically significant response (a CGI-Improvement score ≤2 and an AISRS total reduction ≥30%) between subjects who received L-methylfolate and subjects who received placebo (Fisher exact, P = 1.00). Exploring proportion of all participants who experienced a reduction of 30% or greater in AISRS scores, we found that 86% of individuals receiving active methylfolate and 84% of those receiving placebo had an improvement of 30% or greater in AISRS scores. Additionally, we did not find a significant group-by-time interaction effect for the CGI-I (χ 2 = 0.30, P = 0.59) or the GAF (χ 2 = 1.97, P = 0.16). Exploring self-reported measures of mental health, we did not find significant group-by-time interaction effects for the HAM-D (χ 2 = 0.00, P = 0.98), the HAM-A (χ 2 = 1.44, P = 0.23), or the Adult ADHD Self-report Scale (χ 2 = 0.04, P = 0.85). We also did not find a significant group-by-time interaction effect for self-reported control over emotional expression as measured by the CBS-DESR scale (χ 2 = 2.24, P = 0.13). When we looked at subjects with abnormal scores at baseline (scores ≥9) 26 (L-methylfolate: n = 7, placebo: n = 8), we did not find a significant difference in the percentage of subjects who normalized (scores <9) by the study endpoint (Fisher exact, P = 1.00). Furthermore, when we looked at subjects with abnormal scores at baseline, we did not find a significant group-by-time interaction effect for the CBS-DESR (χ 2 = 0.18, 0.67). We evaluated self-report of executive function capacities, finding no significant group-by-time interaction effects for any of the BRIEF-A subscales: inhibition (χ 2 = 0.95, P = 0.33), shifting (χ 2 = 0.00, P = 0.98), emotional control (χ 2 = 0.24, P = 0.62), self-control (χ 2 = 0.72, P = 0.40), initiate (χ 2 = 0.00, P = 0.98), working memory (χ 2 = 0.03, P = 0.85), planning/ organizing (χ 2 = 0.01, P = 0.93), task monitor (χ 2 = 3.59, P = 0.06), organization of materials (χ 2 = 0.13, P = 0.72), Behavioral Regulation Index (χ 2 = 0.00, P = 0.96), Metacognition Index (χ 2 = 0.20, P = 0.65), and Global Executive Composite (χ 2 = 0.06, P = 0.81). When we looked at subjects with abnormal scores at baseline (T scores ≥65) (sample size differed by subscale; L-methylfolate: n = 7-21, placebo: n = 6-16), we did not find a significant difference in the percentage of subjects who normalized (T scores <65) by the study endpoint for any of the subscales (all P ≥ 0.05).
We also did not find any significant group-by-time interaction effects when we restricted our sample to only individuals with abnormal BRIEF-A subscale scores at baseline (all P ≥ 0.05).
We did not find significant group-by-time interaction effects for the 12 ASR scales in which we were interested: friends (χ 2 = 0.00, P = 0.95), spouse/partner (χ 2 = 2.97, P = 0.08), family (χ 2 = 2.83, P = 0.09), job (χ 2 = 0.24, P = 0.62), mean adaptive (χ 2 = 1.64, P = 0.20), anxious/depressed (χ 2 = 0.27, P = 0.60), attention problems (χ 2 = 0.05, P = 0.82), aggressive behavior (χ 2 = 0.01, P = 0.91), intrusive (χ 2 = 0.71, P = 0.40), depressive problems (χ 2 = 0.05, P = 0.82), anxiety problems (χ 2 = 0.00, P = 0.98), and ADHD problems (χ 2 = 0.16, P = 0.69). Because we had variable size samples of individuals reporting abnormal scores on ASR scales, we chose for convenience to compare change from baseline in those scales for which there were at least 5 such individuals: job, mean adaptive, anxious/ depressed, attention problems, intrusive, depressive problems, and ADHD problems (sample sizes differed by subscale; FIGURE 2. Mixed-effects Poisson model predicting total AISRS scores from the group, time, and group Â time interaction (n = 41). Poisson model predicting total AISRS scores from the group, time, and group Â time interaction is shown. L-methylfolate: n = 5-20, placebo: n = 5-16). When we looked at subjects with abnormal scores at baseline (T scores ≤35 for the job and mean adaptive subscales; T scores ≥65 for the anxious/ depressed, attention problems, intrusive, depressive problems, and ADHD problems subscales), we did not find a significant difference in the percentage of subjects who normalized (T scores >35, T scores <65) by the study endpoint for any of the subscales (all P > 0.05). When we looked for improvement in subjects with abnormal ASR subscale scores at baseline, only the mean adaptive subscale had a significant group-by-time interaction (χ 2 = 4.36, P = 0.04). Evaluating changes in cognitive performance during the study, we did not find significant group-by-time interaction effects for any of the CANTAB subtests (Table 3 ). We could not analyze Reaction Time (RTI) simple error all or RTI five-choice error, all because there was no variation in responses between any of the subjects.
Only the Spatial Working Memory (SWM) strategy subtest had sufficient numbers to analyze abnormal subjects (L-methylfolate: n = 7, placebo: n = 5). Abnormal subjects were defined as having a z score of −1 or less at baseline. We did not find a significant difference in the percentage of subjects who normalized (z scores of greater than −1) by the study endpoint on the SWM strategy subtest (Fisher exact, P = 1.00).
When we looked at subjects with abnormal scores at baseline, we did not find a significant group-by-time interaction effect for the SWM strategy subtest (χ 2 = 0.28, 0.60).
We defined EFDs as having 2 or more tests (Intra-Extra Dimensional Set Shifting, Rapid Visual Information Processing, Stockings of Cambridge, SWM) with at least 1 subtest with a z score of −1 or less. There was no significant difference between those on L-methylfolate and those on placebo in the rate of subjects with EFDs at baseline (L-methylfolate: n = 8, placebo: n = 6) who no longer had EFDs at study endpoint (L-methylfolate: 63% vs placebo: 83%; Fisher exact, P = 0.58).
Looking at self-reported quality of life, we did not find a significant group-by-time interaction effect for the Quality of Life Enjoyment & Satisfaction Questionnaire (χ 2 = 0.09, P = 0.76) or in measures of work productivity on the Endicott Work Productivity Scale (χ 2 = 0.00, P = 0.98). There were no serious adverse events. The most common adverse events (≥2 occurrences in the same subject) are reported in Table 4 . There was no significant difference between those who received L-methylfolate and those who received placebo in the number of adverse events reported throughout the trial (Lmethylfolate: mean ± SD = 9.6 ± 7.1, placebo: mean ± SD = 9.2 ± 4.3; χ 2 = 0.20, P = 0.65). We did not find a significant group-by-time interaction effect for adverse events (χ 2 = 0.33, P = 0.56). Mean changes in vital signs from baseline to endpoint did not significantly differ between those who received L-methylfolate and those who received placebo (Table 5 ). There were no significant differences between the 2 groups in the rates of having a heart rate of greater than 100 beats/min at any time during the study (L-methylfolate: 24% vs placebo: 47%; χ 2 = 2.43, P = 0.12), having systolic blood pressure of greater than 140 mm Hg or diastolic blood pressure of greater than 90 mm Hg at any time during the study (L-methylfolate: 38% vs placebo: 53%; χ 2 = 0.85, P = 0.36), or having systolic blood pressure of greater than 140 mm Hg or diastolic blood pressure of greater than 90 mm Hg at 2 or more consecutive visits between weeks 1 and 12 (L-methylfolate: 14% vs placebo: 21%; Fisher exact, P = 0.69).
We evaluated differences in compliance, which we identified as the total number of pills missing from bottles returned by subjects over the whole study divided by the total number of pills expected to be missing over the whole study. We found there was no significant difference in the mean L-methylfolate compliance rate between those on L-methylfolate and those on placebo (L-methylfolate: mean ± SD = 0.95 ± 0.08, placebo: mean ± SD = 0.96 ± 0.09; t 38 = 0.31, P = 0.76).
There was no significant difference in the mean OROS-MPH compliance rate between those on L-methylfolate and those on placebo (L-methylfolate: mean ± SD = 0.91 ± 0.08, placebo: mean ± SD = 0.85 ± 0.17; t 38 = −1.45, P = 0.16). One subject in the placebo group was missing compliance data. Five subjects were on selective serotonin reuptake inhibitors during the course of the study; of the five, 3 were on L-methylfolate and 2 were on placebo. One of the subjects on placebo did not complete the study because of lack of study drug efficacy after completing the week 6 (midpoint) study visit.
Dosing
There was a significant difference in the mean OROS-MPH dose at week 6 (t 38 = −2.69, P = 0.01). Subjects on L-methylfolate had a higher mean OROS-MPH dose at week 6 compared with subjects on placebo. There was a significant difference in the mean OROS-MPH dose at week 12 (t 38 = −2.19, P = 0.04). Subjects on L-methylfolate had a higher mean OROS-MPH dose at week 12 compared with subjects on placebo.
We found a significant group-by-time interaction effect for dosing (χ 2 = 7.35, P = 0.007).
Completers Analyses
In addition to our primary intention-to-treat analysis, we also performed a per-protocol analysis. This analysis excluded 5 subjects who did not complete the study and 1 subject who completed the study but was not compliant. Thus, our final per-protocol sample included 15 subjects on placebo and 20 subjects on L-methylfolate. We found a few results that reached significance below our a priori-defined significance level of 0.05. The group-by-time interaction was significant for the CANTAB Verbal Recognition Memory Recognition Correct-Immediate test when we looked at all subjects (χ 2 = 4.37, P = 0.04). The group-by-time interaction was also significant for the ASR spouse/partner subscale when we looked at all subjects (χ 2 = 5.39, P = 0.02). Doses at week 6 (placebo: mean ± SD: 57.50 ± 20.51; L-methylfolate: mean ± SD: 73.64 ± 17.49; t 38 = −2.69, P = 0.01) and week 12 (placebo: 59.63 ± 20.49; L-methylfolate: mean ± SD: 73.80 ± 18.34; t 38 = −2.19, P = 0.04) significantly differed between the 2 groups, with higher doses at both time points for subjects on active L-methylfolate than those on placebo (week 6: t 33 = −2.65, P = 0.01; week 12: t 33 = −2.25, P = 0.03). The group-by-time interaction was also significant when we had dose as an outcome (χ 2 = 8.24, P = 0.004).
Moderator Analyses
We found no subjects with low folate before study drug exposure (range, 5.6-29.4 ng/mL; reference range, >3 ng/mL). There were limited numbers of abnormal B 12 levels: 2/19 subjects on placebo had low results, and the remaining 17 of 19 subjects had normal results; 1 of 20 active subjects had high results, with the remaining 19/20 subjects having normal results (range, 175.2-1248.9 pg/ mL; reference range, 200-835 pg/mL). For homocysteine, 12 of 19 subjects on placebo had low results, and 7 of 19 remaining had normal results; 13 of 20 active subjects had low results, and 7/20 remaining had normal results (range, 3.0-5.7 μmol/L; reference range, 5-9 μmol/L). In the absence of a sufficient number of 
Instances of adverse events broken down by placebo (n = 19) and L-methylfolate (n = 22). The presence of IgM and/or IgG folate receptor antibodies did not have a significant impact on predicting study outcome measures on either placebo and L-methylfolate groups as determined by the AISRS, BRIEF-A GEC, and dosing.
GEC indicates Global Executive Composite.
subjects with levels of interest on these values, we could not assess whether these assays were predictors of endpoint analyses.
We assessed how the presence of abnormal genotypes at baseline interacted with drug group and study week to predict dosing, AISRS scores, and BRIEF-GEC scores. Considering BMI (L-methylfolate: 6/22 had BMI ≥30 kg/m 2 ; placebo: 6/19 had BMI ≥30 kg/m 2 ), we found no prediction for the 3 outcome measures. Considering genotype variants (Table 1) , we found significant 3-way interactions with both MTHFR (rs1801131) and GCH1 (rs8007267) in the models predicting dosing. There were no significant 3-way interactions with any of the genotypes in models predicting BRIEF-GEC scores. Considering immunoglobulin M (IgM) or immunoglobulin G (IgG) antibodies to the folate receptor assay results (Table 5 ), presence of 1 or both of these antibodies did not significantly predict any 1 of these 3 outcomes.
DISCUSSION
This is the first study, to our knowledge, to evaluate the tolerability and neuropsychiatric effects of methylfolate supplementation to standard-of-care stimulant treatment in individuals with ADHD. We found that L-methylfolate was well tolerated, as there were no new categories of adverse events not expected from methylphenidate treatment and no elevation in rates of such adverse events. We did not find a difference in improvement in our primary clinical outcome, clinical measure of ADHD symptoms. L-Methylfolate administration was not associated with significant change in several measures of mental health and function, except improvement from abnormal measures prior to study agent exposure on the ASR mean adaptive subscale. Our analysis of moderating effects of elevated BMI, genotypes thought to contribute to folate metabolism and catecholamine activity, and presence of antibodies to the folate receptor overall suggest little clear impact on ADHD symptoms, executive function, or medication dosing, with the exception of 4 genotypes that each predicted scores of either ADHD symptoms or dosing. Of these, as judged by the P value we report, only 1 result is most likely to survive a correction for multiple comparisons with a P < 0.001-the guanosine triphosphate cyclohydrolase polymorphism (rs8007267)-on dosing. On inspecting trends, in the presence of the less frequent allele, individuals on L-methylfolate ended up on higher doses over the study. The product of this gene produces tetrahydrobiopterin, which in turn helps to make serotonin and dopamine. Because of our small sample size, this finding should be viewed as very preliminary (Table 6) .
We found 1 study examining folic acid supplementation in children with ADHD that did not support improvement of symptoms, 29 and high folic acid may produce negative functional consequences if metabolism is limited by dihydrofolate reductase or methylenetetrahydrofolate reductase. 30 However, in this study, the reduced form of folate, methylfolate, does not require reduction by dihydrofolate reductase, which is highly variable, 31 and is not dependent on methylenetetrahydrofolate reductase for activation. Therefore, we would expect that potential negative consequences of unmetabolized folic acid would have been avoided. 32 Overall, our study suggests that methylfolate does not have beneficial effects on methylphenidate treatment for ADHD. Our study has important limitations. Our ability to evaluate the impact of L-methylfolate on ADHD was limited by the presence of methylphenidate, which has rapid and robust effects that could mask any benefit of this agent.
We also observed that all patients had adequate serum folate and vitamin B 12 concentrations. Our study thus does not allow evaluation of effects in individuals with low folate status. Folate and vitamin B 12 metabolism are required for homocysteine conversion to methionine in the remethylation pathway. We observed low homocysteine concentrations, consistent with the expected interaction where folate and vitamin B 12 concentrations are inversely associated with total homocysteine. It is not surprising that our study population was found to be folate replete, as less than 1% of the population is thought to have low folate. 33 However, this study replicates 1 other study, 34 finding that deficiencies in plasma folate or folate metabolism may not be overrepresented in an adult ADHD population.
Our study had limited ability to evaluate the predictive value of biomarkers (BMI, autoantibodies to folate receptors, and select folate metabolism genotypes) on the efficacy of L-methylfolate because of small numbers of individuals with relevant potentially moderating biomarker values of interest and lack of robust effect of L-methylfolate on outcome measures. Our inability to produce parallel findings to studies demonstrating that BMI and some of the genotypes we studied predicted response to depression treatment could be a product of significant differences in the mental health of our participants, who had low rates of mood or anxiety comorbidity and low rates of antidepressant agent use (5 subjects). Of note, the majority of our subjects were female.
It is of interest that subjects on methylfolate were prescribed higher mean doses of methylphenidate. If replicated, this may mean that methylfolate in some way reduces the effect of methylphenidate. Further study may elaborate on our very preliminary finding that genetic differences could underlie doses that individuals were prescribed and whether this is more a result of efficacy or of tolerability differences. However, subjects had similar adverse effect patterns on active or placebo, consistent with the concept that methylfolate does not have strong catecholaminergic Blood pressure was measured in millimeters of mercury, and heart rate was measured in beats per minute. *One subject did not have valid vitals because of white coat hypertension and was excluded.
effects, which might be reflected in higher vital sign or sympathomimetic adverse event rates. Our ability to investigate the effect of L-methylfolate on methylphenidate dose-response relationship was significantly limited, however, by lack of fixed, forced doses, which could have been a more useful design to evaluate the biological effect of methylfolate on dose-response relationships in methylphenidate treatment. We believe that a larger project with multicenter design recruiting individuals with abnormal B 12 , folate, and homocysteine levels would potentially have a higher chance of identifying augmentation benefits of L-methylfolate. We wish to emphasize that the small sample sizes in our secondary analyses limit the meaningfulness of related findings. Although a larger study would have greater power to detect effects, our study suggests, in conclusion, that methylfolate is well tolerated in the context of methylphenidate treatment with ADHD and that measures previously suggested as predicting response to folate effects on depression treatment (BMI, genetic polymorphisms associated with folate metabolism, and catecholamine effects) may not identify individuals sensitive to ADHD-related benefits of folate supplementation.
Metabolic Biomarkers
Colorimetric ELISAs were performed according to manufacturers' instructions to measure vitamin B 12 (AccuDiag vitamin B 12 ELISA cat #3125-15; Diagnostic Automation/Cortez Diagnostics Inc, Woodland Hills, Calif ), folate (folate ELISA cat #3127-15; Diagnostic Automation/Cortez Diagnostics Inc), homocysteine (cat# CELI-66076h; Nova Lifetech Inc), serotonin (cat #K1894; Thermo Fisher Scientific, Pittsburgh, Pa), and methylmalonic acid (cat #MBS288266_data Competitive; MyBiosource Inc, San Diego, Calif ).
Biomarker Stability at 0°C
To establish criteria for acceptance of biomarker data generated from the inadvertently thawed samples, assays were run to ascertain preserved stability of the markers measured in this study under the same thawing conditions. Split aliquots of 10 serum samples that were never thawed before were subjected to 0°C for 19 hours and compared with their frozen counterparts. Assays were performed side-by-side on these split samples to compare measures without prolonged thawing and after thawing to 0°C for 19 hours. Comparing the normally thawed and prolonged thawing samples, there was no significant difference in the measurements of folate or homocysteine. There was a significant difference in the thawed and nonthawed assays for B 12 (P < 0.001); however, the mean difference among the 10 samples was very small and less than a typically acceptable assay variation of 10%.
Additional Genotyping Methods Information
All but 2 of the SNPs were in line with Hardy-Weinberg proportions (rs1799732 and rs4818). One SNP was a deletion variant, SNP rs1799732, and no polymorphism was found. Call/pass rates of the SNPs and the minor allele frequency of the SNPs can be found below. 
